Introduction
CD28-deficient mice are resistant to actively induced experimental autoimmune encephalomyelitis (EAE) (1) (2) (3) (4) . Interestingly, T cells from CD28 -/-mice can be primed to antigen and can develop an effector/memory phenotype (4) . In an effort to explain the resistance to EAE induction, one study demonstrated a significantly decreased peptide-specific delayed-type hypersensitivity response in CD28 -/-mice (3) . Earlier studies found that CD28 -/-T cells produce significantly less macrophage inflammatory protein-1α (MIP-1α) than WT T cells (5) . Therefore, lack of clinical disease could be at least in part due to inefficient migration to the CNS. We have recently reported that CD28 -/-mice have a significantly lower frequency of myelin oligodendrocyte glycoprotein-specific (MOGspecific) IFN-γ-producing cells than WT controls (4) . Double immunization with MOG restored the disease susceptibility and was associated with significant expansion of antigen-specific Th1 cells (4) , consistent with the observation that increasing antigen load or the strength of signal 1 can overcome the requirement for costimulation (6) .
The immune system has evolved several mechanisms to control the expansion and differentiation of activated T cells, including anergy, death, and regulation (7) . One level of control resides in the function of regulatory cells including both CD4 + (8) and CD8 + T cell populations (9) . Previous reports suggest a protective role of CD8 + T cells in EAE, especially in preventing reinduction of disease or in prevention of disease relapses (10) (11) (12) . CD8 + T cells were reported to be essential for the protective effect of T cell vaccination, and they also participate in oral tolerance (13) (14) (15) (16) . On the other hand, CD8 + T cells may be effector cells, contributing to disease in EAE (11, 17, 18) . Therefore, CD8 + T cells or subsets thereof may participate as both effectors and or regulators of immune responses. Indeed, recent studies have characterized CD8 + CD28 -class I-restricted regulatory T cells in humans in vitro (19) (20) (21) (22) (23) . It is not known whether these cells exist in vivo in animal models and whether they function as regulatory cells in autoimmune disease such as EAE. In this study, we investigated the role of CD8 + T cells in a model of chronic EAE and report the novel finding that a subset of CD8 + T cells lacking CD28 expression is responsible for the regulatory functions of CD8 + T cells in both WT and CD28 -/-mice. These regulatory T cells, through a cell-cell contact mechanism, inhibit upregulation of costimulatory molecules on APCs and thus inhibit activation and clonal expansion of encephalitogenic CD4 + Th1 cells. CD8 + T cell depletion renders CD28-deficient mice susceptible to experimental autoimmune encephalomyelitis (EAE). In addition, CD8 -/-CD28 -/-double-knockout mice are susceptible to EAE. These findings suggest a role for CD8 + T cells in the resistance of CD28-deficient mice to disease. Adoptive transfer of CD8 + CD28 -T cells into CD8 -/-mice results in significant suppression of disease, while CD8 + CD28 + T cells demonstrate no similar effect on the clinical course of EAE in the same recipients. In vitro, CD8 + CD28 -but not CD8 + CD28 + T cells suppress IFN-γ production of myelin oligodendrocyte glycoprotein-specific CD4 + T cells. This suppression requires cell-to-cell contact and is dependent on the presence of APCs. APCs cocultured with CD8 + CD28 -T cells become less efficient in inducing a T cell-dependent immune response. Such interaction prevents upregulation of costimulatory molecules by APCs, hence decreasing the delivery of these signals to CD4 + T cells. These are the first data establishing that regulatory CD8 + CD28 -T cells occur in normal mice and play a critical role in disease resistance in CD28 -/-animals.
day of immunization and 48 hours later. EAE was scored as described previously (4): 0, no disease; 1, limp tail or isolated weakness of gait without limp tail; 2, partial hind-leg paralysis; 3, total hind-leg or partial hindand front-leg paralysis; 4, total hind-leg and partial front-leg paralysis; 5, moribund or dead animal.
In vivo CD8 + T cell depletion. A mAb to mouse CD8 (clone 2.43, kind gift of H. Auchincloss, Jr., Brigham and Women's Hospital) was administered at a dose of 100 µg intraperitoneally on days -6, -3, and -1 before immunization. For the late CD8 + T cell depletion, the same dosages were given on days 14, 17, and 19 after immunization. Control animals received an equal dose of rat Ig (rat anti-mouse IgG-2b; Sigma-Aldrich, St. Louis, Missouri, USA). The effectiveness of the depletion was assessed by FACS analysis of peripheral T cells (both from blood and spleen) on days 0, 7, 14, and 30. The CD8 + T cells were absent from days 0-14 and gradually reappeared afterward, but did not reach normal levels even on day 30 (8% CD8 + T cells in Ab-depleted spleen as compared with 14% in naive spleen).
Ex vivo CD8 + T cell depletion using magnetic beads. A single cell suspension was prepared from CD28 -/-mice splenocytes 14 days after immunization with MOG. The cells were first incubated with rat anti-mouse CD8 Ab (PharMingen) for 45 minutes at 4°C, washed twice in PBS, then incubated with Dynabeads (Dynal Biotech Screening of CD28 -/-CD8 -/-mice by flow cytometry and PCR. A representative example of screening of CD28 -/-CD8 -/-mice and WT mice is shown. Cells were stained and analyzed by FACS for expression of CD8 and CD28. For the PCR screening, genomic DNA was extracted from tails of animals. In the CD8 PCR sample, homozygous samples produced a single 343-bp band, and WT mice produced a single 265-bp band. Heterozygotes produced both bands. In the CD28 PCR sample, homozygous samples produced a single 740-bp band, and WT mice produced a single 600-bp band. Heterozygous mice produced both bands. All PCR experiments included a no-template control and control reactions using DNA from known heterozygous and WT samples. Neg, negative; FL1-H, fluorescence channel 1.
ASA, Oslo, Norway) according to the manufacturer's instructions for 45 minutes at 4°C. Bead-bound CD8 + T cells were then removed over a magnet by positive selection. The remaining cells were confirmed to be CD8 negative, with fewer than 5% CD8 + T cells following flow cytometry using a FACScalibur and analyzed with Cellquest software (both Becton Dickinson Immunocytometry Systems, San Jose, California, USA).
CD8 + T cell purification for in vitro suppression assays and adoptive transfer experiments. To obtain 100% purified CD8 + CD28 -and CD8 + CD28 + T cells for in vitro and adoptive transfer studies, we first prepared a single-cell suspension from spleens of naive WT mice. The cells were then incubated with FITC-conjugated anti-CD8 Ab and PE-conjugated anti-CD28 Ab and sorted by a FACS sorting machine (Becton Dickinson Immunocytometry Systems). To obtain larger number of 100% purified CD8 + CD28 -T cells for adoptive transfer experiments, cell suspensions were prepared from spleens of CD28 -/-mice. CD8 + T cells were enriched (more than 85% CD8 + ) using CD8 + T cell-enrichment column (R&D Systems Inc., Minneapolis, Minnesota, USA). The cells were then incubated with FITC-conjugated anti-CD8 Ab and sorted by a FACS sorting machine (Becton Dickinson Immunocytometry Systems).
Enzyme-linked immunosorbent spot assay. Enzymelinked immunosorbent spot assay (ELISPOT) plates (Cellular Technology Ltd., Cleveland, Ohio, USA) were coated with capture Ab's against IL-4, IL-5, IL-10, or IFN-γ (PharMingen) in PBS and left overnight at 4°C. The assay was performed as described previously (4) . Media used for ELISPOT assays consisted of complete media as described (4) . Control wells contained splenocytes plus medium. One hundred microliters of the appropriate concentrations of antigen or mitogen were added to the other wells. The resulting spots were counted on a computer-assisted ELISPOT Image Analyzer (Cellular Technology Ltd.). The results were then calculated as cytokine-producing cells per million splenocytes (unless otherwise specified).
Anti-MOG Ab assay. Serum samples were obtained from blood of immunized or naive mice and stored at -20°C. The assay was performed as previously published (4). Serum samples from immunized animals were compared with a naive serum standard.
In vitro regulatory assay and Transwell studies. To study the regulatory function of CD8 + CD28 -and CD8 + CD28 + T cells in vitro, a novel suppression assay was established using the ELISPOT assay: splenocytes from naive or immunized CD8 -/-mice were used as responder cells along with the appropriate mitogen or antigen. One hundred percent purified CD8 + CD28 -or CD8 + CD28 + T cells were then added at different ratios to each well, either in direct contact with responder cells or separated from responder cells using eight-well strip inserts (Nalge Nunc International, Kamstrup, Denmark). The frequency of IFN-γ-producing responder cells was then determined as described previously (4) .
To analyze restriction elements of the regulatory CD8 + CD28 -T cells (MHC or nonclassical), Ab's against MHC class I (H-2k b , 25 µg/ml) and Qa-1 b molecules (as high as 100 µg/ml) were added to the in vitro cultures of the suppression assays. To investigate the role of FasFasL-mediated killing of APCs by the CD8 + CD28 -cells, Ab's against Fas (CD95) and FasL (CD95L) (as high as 100 µg/ml) were also added in vitro to the cultures of the suppression assay. All above Ab's and appropriate isotype controls were obtained from PharMingen (San Diego, California, USA).
Functional mixed lymphocyte reaction. Splenocytes from naive CD8 -/-mice were incubated with concanavalin A (Con A). Purified CD8 + CD28 -T cells or CD8 + CD28 + T cells were then added at the initiation of the 24-hour culture at a 1:2 ratio. The cells were then collected, and APCs were enriched by plastic adherence. Irradiated (30 Gy) APCs were then added as stimulators to BALB/c splenocytes as responder cells, and the frequency of IFN-γ-producing cells were compared in different groups using ELISPOT assay.
Analysis of APC function after interaction with CD8 + CD28 -and CD8 + CD28 + T cells. Splenocytes from MOG-immunized CD8 -/-mice were incubated with MOG and purified CD8 + CD28 -T cells or CD8 + CD28 + T cells in a 2:1 ratio for 24 hours. CD11c + cells were then enriched using a DC isolation kit (Miltenyi Biotec, Auburn, California, USA), irradiated (30 Gy) , and added at a 1:1 ratio to 100% purified CD4 + T cells isolated from MOGimmunized WT mice. The frequency of IFN-γ-producing cells was then measured by ELISPOT assay.
Flow cytometry. Plastic adherent cells were collected, washed twice, and stained with CD11c-FITC (as a marker for DCs) and either CD80, CD86, or CD40 PEconjugated mAb. Four-parameter analysis (forward scatter, side scatter, and two fluorescence channels) was used for data analysis. To rule out apoptosis of CD4 + T cells as mechanism of action by regulatory T cells, cells from the experimental groups were stained with antimouse CD8 FITC and CD4 FITC, washed, and subsequently stained with annexin V-PE and 7-AAD (using the apoptosis kit; PharMingen). For further characterization of the population of CD8 + CD28 -and CD8 + CD28 + T cells in naive WT mice, splenocytes are stained with CD8 FITC, CD28 APC, and a panel of PEconjugated mAb's including CD45RB, CD44, CD62L, CD25, CD122 (IL-2 receptor β chain), CD132 (common β chain), CD210 (IL-10 receptor), and NK-1.1. We have further studied T cell receptor Vβ expression of the T cell repertoire reactive to MOG in WT, CD8 -/-, CD28 -/-, CD8 -/-CD28 -/-mice 12-14 days after immunization by flow cytometry. The following mAb's were used: anti-Vβ2, anti-Vβ3, anti-Vβ4, anti-Vβ5.1,5.2, anti-Vβ6, anti-Vβ7, anti-Vβ8, anti-Vβ8.1,8.2, anti-Vβ8.3, anti-Vβ9, anti-Vβ10, anti-Vβ11, anti-Vβ12, anti-Vβ13, anti-Vβ14, and anti-Vβ17. All anti-mouse Ab's above were obtained from PharMingen.
Pathology. Spinal cords and brains were collected on day 9-14 after immunization from 2-4 mice in each experi-mental group and examined histologically for inflammatory infiltrate using H&E and demyelination using Luxol fast blue (LFB) staining. Mice were euthanized and perfused through the heart with 10 ml PBS, followed by 20 ml Bouin's solution (Electron Microscopy Sciences, Fort Washington, Pennsylvania, USA). Whole brain and spinal cord sections were placed in Bouin's solution for 72 hours and then paraffin embedded. Ten-micrometer sections were cut and placed on slides. Paraffin-embedded sections were deparaffinized by exposure to xylene and then decreasing graded concentrations of alcohol for 1 minute each. Sections were exposed to hematoxylin for 2 minutes, washed, and then exposed to eosin for 1 minute. Finally, sections were exposed to increasing grades of alcohol, xylene, and then mounted. For LFB staining paraffin-embedded sections were deparaffinized as described above and then soaked in LFB solution (Sigma-Aldrich) at 56°C overnight. Excess stain is rinsed off with 95% alcohol. Slides are differentiated in 0.05% lithium carbonate solution for 30 seconds and then placed in 70% ethyl alcohol. Sections are counterstained in cresyl violet and then mounted.
Statistics. Incidence of disease and mortality between the two groups of animals were compared by using Fisher's exact probability tests. The mean day of onset of disease and mean peak disease severity between any two groups of mice were analyzed by Mann-Whitney U tests. The significance of differences between means of spots was determined using the paired t test.
Results

Role of CD8 + T cells in EAE.
We investigated the role of CD8 + lymphocytes in the MOG-induced chronic EAE model with particular emphasis on CD28 -/-mice that are naturally resistant to EAE (1-4). CD8 + lymphocytes constitute 9-14% of splenocytes in naive WT mice of which 60% are CD8 + CD28 + , while the remaining 40% are CD8 + CD28 -cells. Thus, overall, CD8 + CD28 + cells make up 5.5-8.5% and CD8 + CD28 -cells 3.5-5.5% of all splenocytes (one representative example is shown in Figure 1 ). In WT mice, depletion of CD8 + T cells (less than 1% CD8 + T cells in peripheral blood by flow cytometry) prior to disease induction worsens clinical disease significantly as compared with non-CD8-depleted controls (mean maximal grade 3.8 ± 0.9 versus 2.8 ± 1.4, P < 0.03). The clinical disease observed was similar to that observed in CD8 -/-mice (Table 1, Figure  2a ). The mortality of animals lacking CD8 + T cells was higher than that of WT animals (Table 1) , although it did not reach statistical significance.
CD28 -/-mice develop EAE after CD8 + T cell depletion.
We and others have previously reported that unlike WT C57BL/6 mice, CD28 -/-mice immunized with MOG 35-55 peptide are resistant to EAE (1, 3, 4) . Administration of a depleting anti-CD8 mAb before immunization brings out clinical disease in CD28 -/-animals (Table 1, Figure 2b ), characterized immunohistologi- cally by intraparenchymal cellular infiltrates similar to those observed in WT mice (data not shown), whereas in nondepleted CD28 -/-mice the infiltrates were restricted to the meninges and within blood vessels, similar to our previous report (4) . In CD8-depleted animals, 12 of 13 mice developed disease compared with only 1 in 15 in the non-depleted CD28 -/-animals. The disease onset in CD8-depleted CD28 -/-mice was delayed and significantly less severe, however, compared with WT mice (Table 1) . To further investigate the role of CD8 + T cells during the effector phase of EAE, we administered the depleting anti-CD8 mAb 2 weeks after immunization. The majority of these animals (8 of 11) also developed mild EAE (Table 1) , with the onset being about 11 days after depletion. These data indicate a critical role for CD8 + CD28 -T cells in disease resistance in CD28 -/-mice during the priming and effector phases of the immune response in vivo.
CD28 -/-CD8 -/-mice develop active EAE. To confirm the role of CD8 + CD28 -T cells in natural disease resistance in CD28 -/-mice, we generated a new mouse colony that is deficient at both CD28 and CD8 loci by intercrossing CD28 -/-with CD8 -/-mice (see Methods). All the homozygous double-knockout mice developed EAE when immunized with MOG peptide (Table 1, Figure  3a) . Interestingly, these mice developed two different forms of clinical EAE: approximately 50% of animals developed a mild form of "typical EAE" with the classic ascending flaccid paralysis and a significantly later disease onset as compared with WT controls. The remaining animals developed an "atypical" form of EAE, with the onset of symptoms not significantly altered compared with WT controls (Table 1) . The clinical symptoms of those with atypical disease were primarily associated with ataxia, spastic reflexes, loss of coordinated movements, spinning, and head tilt. The disease led to premature death in all animals within 24 hours of onset of clinical symptoms.
CD28-deficient mice heterozygous for the CD8 locus demonstrate decreased CD8 surface density compared with CD28 -/-CD8 +/+ mice by flow cytometry (Figure 3b) . We asked whether a decrease in CD8 expression would make CD28 -/-animals susceptible to disease. Figure 3a shows that these mice develop mild typical EAE with a late onset of disease as compared with WT mice (Table  1 ). The disease course was halfway between that in CD28 -/-and CD28 -/-CD8 -/-mice, indicating a doseresponse effect of CD8 expression. It is interesting that decreased expression of surface CD8 in the heterozygous mice is linked to partial loss of regulatory function in vivo and suggests that surface CD8 is involved in the mechanism of CD8 + CD28 -T cell regulation.
To confirm the regulatory function of CD8 + CD28 -T cells in vivo, we developed an adoptive transfer system into CD8 -/-animals that naturally develop EAE, which is more severe than WT animals. First, one million 100% purified CD8 + CD28 -T cells isolated from naive CD28 -/-spleens were transferred into each CD8 -/-recipient via tail vein, and animals were then immediately immunized with MOG peptide. Adoptive transfer of CD8 + CD28 -T cells led to a significant decrease in disease severity as compared with untreated CD8 -/-mice (P = 0.02, n = 10) (Figure 4a) . Interestingly, the disease severity was comparable to that in control WT animals (P = NS, n = 10). The onset of disease was significantly delayed as compared with CD8 -/-mice (16.1 ± 4.25 versus 10.7 ± 1.6, P = 0.003). There was no significant difference in the disease incidence and the mortality between the two groups (incidence in CD8 -/-, 10 of 10 versus 9 of 10 in adoptive transfer group; mortality in CD8 -/-animals, 7 of 10 versus 3 of 10 in the transfer group, P = NS). Interestingly, adoptive transfer of 5 million purified CD8 + CD28 -cells did not result in further protection from disease ( Figure 4b ). Similar experiments with adoptive transfer of 0.5 × 10 6 purified CD8 + CD28 -T cells did not lead to significant suppression of EAE (data not shown), demonstrating the need for transfer of a minimum of one million cells. Next, the same experiment was repeated using one million CD8 + CD28 -and CD8 + CD28 + T cells purified from naive WT mice. CD8 + CD28 + cells did not modulate the course of EAE as compared with control animals (P = 0.14, n = 6) while CD8 + CD28 -T cells led to a significant decrease in disease severity (P = 0.0019, n = 6) (Figure 4b ). These data confirm that CD8 + CD28 -T cells represent a distinct subset of CD8 + T cells with regulatory function in vivo in EAE.
Finally, histological analysis of CD8 -/-CD28 -/-mice with typical EAE revealed the presence of inflammatory infiltrates and demyelination in the lumbar spinal cord starting at day 9 ( Figure 5c ), with no infiltrates or demyelination in the brainstem ( Figure 5, a and b) or cervico-thoracic spinal cord (not shown). In contrast, CD28 -/-CD8 -/-mice with atypical EAE displayed inflammatory infiltrates in the brainstem meninges and parenchyma, including the anterior pons depicted in Figure 5d as well as demyelination in the anterior pons (Figure 5e ). In some mice from this group, inflammation and demyelination was seen in the lateral pons and vestibular nerve also. In addition, CD28 -/-CD8 -/-mice with atypical EAE had large inflammatory infiltrates in the cervical and thoracic spinal cords with demyelination (Figure 5f ), but little to no infiltrate in the lumbar spinal cord.
Expansion of MOG-specific IFN-γ-producing CD4 + T cells in the absence of CD8 + T cells.
We measured the frequency of MOG-specific Th1-producing (IFN-γ) and Th2-producing (IL-4, IL-5 and IL-10) cells on day 14 after immunization by ELISPOT in CD28 -/-CD8 -/-mice, CD28 -/-, and CD28 -/-CD8-depleted (by mAb therapy) mice. As shown in Figure 6a , the frequency of antigen-specific Th1 cells expanded significantly in both CD28 -/-mice depleted of CD8 + T cells as well as CD28 -/-CD8 -/-mice, as compared with CD28 -/-control mice (P < 0.02 for all antigen concentrations). In contrast, the frequency of Th2-producing cells was not significantly altered in any of the studied groups (IL-4 spots of 56.5 ± 4.9 for CD28 -/-versus 46.5 ± 4.9 for anti-CD8-treated group versus 53 ± 11.3 in CD28 -/-CD8 -/-the mouse). Similar results were found in the WT CD8-depleted and CD8 -/-mice compared with WT controls (Figure 6b ). These results indicate that CD8 + CD28 -T cells play a role in limiting expansion of MOG-specific Th1 cells after immunization, whereas Th2 clone size is unaltered.
Mice deficient in STAT4 lack IL-12 induced IFN-γ-production and Th1 differentiation and have been recently reported to be resistant to the induction of EAE (24) . If CD8 + T cells exert their regulatory function through limiting the expansion of Th1 clone size, one would hypothesize that removal of CD8 + T cells would not overcome the disease resistance in STAT4 -/-mice. As expected, depletion of CD8 + T cells prior to disease induction in STAT4 -/-mice did not worsen the clinical disease as compared with control non-CD8-depleted STAT4 -/-mice (mean maximal grade of 0.6 ± 0.65 in depleted group versus 0.5 ± 0.7 in control group, n = 5 in each group). As shown in Figure 6c , CD8 + T cell depletion in STAT4 -/-mice did not lead to expansion of MOG-specific Th1 cells.
Enhancement of an anti-MOG 35-55 peptide Ab response in the absence of CD8 + CD28 -T cells. MOG-induced EAE is
characterized by significant demyelination in the CNS, which is thought to be mediated by anti-MOG Ab's (25, 26) . We have shown previously that relative Ab titers from immunized CD28 -/-mice sera were significantly lower than those from sera of immunized WT animals (4). These results are consistent with published data that CD28 signaling functions to augment T celldependent B cell growth and Ig secretion (27) . To evaluate the effect of CD8 + CD28 -T cells on humoral immune response, we compared the Ab titers of the different groups of mice 14 days after immunization. We found that the relative Ab titers in sera from immunized CD28 -/-mice were significantly lower than those from CD8-depleted CD28 -/-animals (CD28 -/-mean titer = 1/50; WT mean titer = 1/2,400; CD8-depleted CD28 -/-mean titer = 1/3,200; and mean titer of CD28 -/-CD8 -/-mice = 1/3,200, P = 0.0001 for the latter two groups versus CD28 -/-). Similarly, CD8-depleted WT mice demonstrate higher Ab titers in sera (WT mean titer = 1/2,400; CD8-depleted WT animals mean titer = 1/4,800; and mean titer of CD8 -/-mouse = 1/5,600). These data establish that lack of CD8 + CD28 -T cells can cause expansion of CD4 + Th1 cells that then provide help to B cells to promote Ab production.
Depletion of CD8 + T cells ex vivo leads to expansion of Th1 CD4 + T cells. Primed splenocytes obtained from MOG
peptide-immunized CD28 -/-mice were cultured with MOG 35-55 peptide for 24 hours in ELISPOT plates.
CD8 depleted splenocytes were obtained after magnetic bead separation and cultured similarly. Figure  6d shows increased frequency of IFN-γ-producing Th1 cells in CD8-depleted cultures consistent with the in vivo data described above. These data establish the inhibitory effect of CD8 + CD28 -T cells on Th1 clone size in vitro. The ex vivo CD8 + T cell depletion did not result in any significant change in the frequency of Th2 cells (not shown), again consistent with the in vivo data described above. Furthermore, since TGF-β is a potential effector of immune regulation by CD8 + T cells (13, 28) , we examined the supernatants of in vitro cultures by ELISA for TGF-β. There was no statistically significant difference in the TGF-β content from splenocyte cultures incubated with MOG before and after in vivo or ex vivo CD8 + T cell depletion (data not shown). Thus, regulation by CD8 + T cells appears to be independent of secretion of TGF-β or Th2 cytokines. The natural resistance to EAE in CD28 -/-is in part mediated by a negative regulatory signal provided by B7-1 through CTLA4 (4). There is also growing evidence that signals mediated by cell-surface molecules such as CTLA4 are also involved in the effector function of some regulatory T cells (29) (30) (31) . We investigated whether CD8 + CD28 -T cells express CTLA4 in naive or immunized CD28 -/-animals. We found that naive CD8 + CD28 -cells lack both intracellular CTLA-4 and surface CD25 expression (data not shown). CD8 + T cells from immunized CD28 -/-mice on day 14 lack CTLA4 expression, while CD4 + T cells show some CTLA-4 expression (3%). This low level of CTLA4 expression in CD4 + T cells is consistent with published data indicating that CD28 costimulation is required for optimal CTLA-4 expression (32). Thus, regulatory CD8 + CD28 -T cells do not express CTLA4.
Expression of a panel of markers including memory markers (CD45RB, CD44, CD62L), cytokine receptors (CD25, CD122, CD132, and CD210), and NK marker (NK1.1) was compared between the CD8 + CD28 -T cells with regulatory function and CD8 + CD28 + T cells that lack such function. The two subpopulations were only distinguished by the expression of CD122 (IL-2 receptor β chain): CD122 was expressed almost entirely by CD8 + CD28 + T cells. CD45RB and CD62L were both expressed by all CD8 + CD28 + and CD8 + CD28 -T cells, while none of the subpopulations expressed any NK1.1, CD25, or CD210. Expression of both CD132 and CD44 was comparable in the two populations (data not shown).
In vitro suppression induced by CD8 + CD28 -T cells requires cell-cell contact and is APC dependent.
To study the ability of CD8 + CD28 -T cells to suppress in vitro, a unique coculture system was set up using the ELISPOT assay. Using splenocytes from MOG-immunized CD8 -/-mice as responder cells, we first demonstrated that 100% purified CD8 + CD28 -T cells derived from CD28 -/-mice can suppress IFN-γ production only if in direct contact with responder cells (Figure 7a) . Titration of the same number of CD28 +/+ splenocytes as CD8 + CD28 -T cells into cultures did not lead to a decrease of IFN-γ, thereby excluding the possibility that an increase in total responder cell number was responsible for the suppressive effect (Figure 7a) . Furthermore, CD8 + CD28 -T cells were able to induce suppression in a dose-dependent manner (responder cells-to-regulatory cells ratios of 2:1, 4:1, 16:1, with loss of suppression at a ratio of 32:1). This suppression was not a peculiarity of cells from CD28 -/-animals, since CD8 + CD28 -but not CD8 + CD28 + cells from WT mice demonstrated similar suppressive activity in vitro (Figure 7b ). These in vitro findings are consistent with our adoptive transfer experiments demonstrating that regulatory CD8 + T cells do occur in WT mice and are confined to a subpopulation of CD8 + T cells lacking CD28 expression. Using the apoptosis kit, we have also determined that there was no increase in the number of apoptotic cells in either CD3 + or CD3 -populations whether they were incubated with CD8 + CD28 -or CD8 + CD28 + T cells (data not shown). Furthermore, blockade of Fas-FasL interaction in the suppression assay cultures did not result in reversal of suppression by the CD8 + CD28 -cells in vitro (data not shown). These results exclude apoptosis of T cells or APCs as a mechanism of regulation by these cells.
CD8 + CD28 -T cells do not suppress IFN-γ production by purified CD4 + T cells stimulated by PMA and ionomycin, while they suppress CD8 -/-splenocytes stimulated with Con A by ELISPOT (Figure 7, b-d ). Since T cell proliferation to Con A is dependent on the presence of APCs as accessory cells (33, 34) (confirmed in Figure 7c ), these data, taken together with the Transwell culture system data, clearly demonstrate that CD8 + CD28 -T cells require cell-cell contact and APCs for their regulatory function.
To study whether CD8 + CD28 -T cell regulation is MHC class I restricted, we repeated the in vitro sup- pression assays in the presence of anti-MHC class I-blocking Ab's or appropriate isotype control Ab and measured the frequency of IFN-γ-producing cells by ELISPOT. We found that 288 ± 45 IFN-γ spots were generated by responder cells incubated with MOG alone and 13 ± 5.7 spots by responder cells incubated with MOG in the presence of CD8 + CD28 -T cells at a ratio of 4:1, while 375.2 ± 100 spots were generated by responder cells after addition of MHC class I-blocking Ab in the presence of CD8 + CD28 -T cells but not when isotype control (9.2 ± 4.5 spots) was added to the latter group (P = 0.005 between the last two groups). In contrast, addition of anti-Qa-1 b to the in vitro suppression assays (11.75 ± 3.5 spots) did not result in reversal of suppression by regulatory CD8 + CD28 -T cells. These data indicate that the regulatory functions of the CD8 + CD28 -T cells are MHC class I and not Qa-1 b restricted.
CD8 + CD28 -T cells inhibit the upregulation of costimulatory molecules on APCs leading to less efficient antigen presentation.
To evaluate the effect of regulatory cells on APC function, we first set up a functional MLR assay. CD8 -/-splenocytes were cultured with purified CD8 + CD28 -T cells, purified CD8 + CD28 + T cells, or alone and stimulated with Con A for 24 hours. Plastic adherent cells were isolated from these cultures, irradiated, and used as stimulators in a MLR. APCs previously cultured with CD8 + CD28 -T cells have markedly decreased ability to stimulate BALB/c responder cells in allogeneic mixedleukocyte reactions compared with APCs previously cultured with CD8 + CD28 + T cells (Figure 8a) . Using flow cytometry, we then studied the expression of costimulatory molecules by DCs (CD11c + ) from the APC cultures described above. Figure 8b shows the mean decrease in the percentage of CD11c + cells that express costimulatory molecules after coculture with CD8 + CD28 -T cells relative to CD11c + from cocultures with CD8 + CD28 + cells. Thus, DCs precultured with CD8 + CD28 -cells have significantly downregulated CD80, CD86, and CD40 costimulatory molecules and are less-efficient APCs. To confirm these findings, we stimulated CD8 -/-splenocytes from MOG-immunized mice in vitro with MOG peptide, in the presence of purified CD8 + CD28 -or CD8 + CD28 + T cells similar to the experiment above. CD11 + cells isolated from these two culture conditions were then irradiated and used as APCs for 100% purified CD4 + T cells from MOG-immunized WT mice (1:1 ratio) in ELISPOT plates. As seen in Figure 8c , CD11c + cells conditioned by interaction with CD8 + CD28 -T cells in vitro are significantly less efficient in presenting antigen to primed CD4 + T cells.
Discussion
Previous reports from our group and others established that CD28 -/-mice are generally resistant to EAE (1, 3, 4) . Disease resistance, however, can be overcome by exposure to higher antigenic dose (4, 6) or by blocking CD80-CD152 interaction (4) . In this report we show that regulatory CD8 + CD28 -T cells contribute to natural resistance to EAE in the absence of CD28 costimulation. Ab depletion of CD8 + T cells before immunization and on day 14 after immunization brings out clinical disease in CD28 -/-mice. These findings establish the regulatory functions of CD8 + T cells both at the time of priming and at the time of the effector phase of the disease. Regulation by CD8 + CD28 -T cells was confirmed by adoptive transfer of these cells into mice lacking CD8 + T cells. In addition, using a novel regulatory assay by ELISPOT analysis, we clearly demonstrate the suppressive effect of CD8 + CD28 -T cells derived from CD28 -/-mice in vitro. We have used our adoptive transfer model and in vitro regulatory assay to answer several important questions. Do CD8 + CD28 -regulatory T cells occur in WT mice? Do CD8 + CD28 + cells have regulatory functions? CD8 + CD28 -T cells from WT animals clearly suppress IFN-γ production in vitro and suppress EAE in vivo similar to CD8 + CD28 -cells originating from CD28 -/-mice. In contrast, CD8 + CD28 + cells do not induce suppression in vitro or in vivo. CD8 + CD28 -T cells occurring in WT animals are unable to provide complete protection against EAE, but rather control the severity of disease. This is not surprising since it is likely that other regulatory cells such as CD4 + CD25 + (8) and/or mechanisms such as negative T cell regulatory pathways (CTLA4, PD1), as we have recently published (4, 35) , are also operational in regulating disease. Our data clearly show that regulatory function of CD8 + T cells resides in the subpopulation lacking CD28 expression. CD8 + CD28 -regulatory T cells have only been described in humans (21, 23) . Glatiramer acetate (GA), (Capoxone; Teva Pharmaceutical Industries Ltd., St. Louis, Missouri, USA) is a random copolymer of glutamic acid, lysine, alanine, and tyrosine that is used therapeutically in patients with multiple sclerosis (36) . Recent work on the mechanism of the drug's immunomodulatory effect demonstrated that GA leads to upregulation of GA-induced CD8 + T cell responses with restoration to levels found in healthy individuals (37) . As a corollary, treatment with GA may be in part mediated through the induction and restoration of this regulatory population of cells. Earlier work identified suppressor functions in CD8 cells that lacked CD28 expression (38, 39) . Our findings that CD28 -cells are enriched for suppressor T cells suggest that the lack of CD28 either predisposes toward suppressor phenotype and/or that CD28 is a marker of a distinct functional T cell subset that is subject to different influences (40, 41) . Having established the existence of these two distinct subsets of CD8 + T cells with different functions, we then compared the phenotype of these cells using a panel of activation markers, memory markers, cytokine receptors, and NK markers. With exception of CD122 all the markers were expressed in similar fashion in both CD8 subpopulations. CD8 + CD122 + cells are present exclusively in the CD8 + CD28 + subset of cells. CD8 + CD122 + T cells have been described in mice and were found to rapidly produce a much greater amount of IFN-γ after CD3 stimulation in vitro compared with CD8 + CD122 -T cells (42) . Moreover, they are able to stimulate CD4 + T cells to produce IFN-γ, suggesting that these cells are an important cellular component in the Th1 immune response. Thus, the absence of such cells in the regulatory subset of CD8 T cells is intriguing.
Our data also show that disease susceptibility is restored in our novel CD28 -/-CD8 -/-mice. It is interesting that half of these mice developed atypical EAE with ataxia, head tilting, and spinning. Histologically, there were remarkable differences in the distribution of the lesions that may account for the differences in the clinical symptoms observed: CD28 -/-CD8 -/-mice that developed the typical form of EAE characterized by ascending flaccid weakness demonstrated small inflammatory infiltrates and demyelination in the lumbar spinal cord starting at day 9, with no infiltrates or demyelination in the brainstem or cervico-thoracic spinal cord. In contrast, mice with atypical EAE showed significant infiltrates and demyelination in the brainstem. Previous reports of atypical EAE have attributed the various clinical presentations to the induction of T cells specific to nondominant peptides (43) (44) (45) or to the cytokine profile of the effector cells (46) . We explored the possibility that the encephalitogenic T cell repertoire reactive to MOG may be different in the absence of CD8 T cells. Analysis of T cell receptor Vβ expression on CD4 + T cells in WT, CD8 -/-, CD28 -/-, and CD28 -/-CD8 -/-mice 12-14 days after immunization did not reveal any significant differences (data not shown). Given the low frequency of antigen-specific T cells in vivo, however, more sensitive assays such as immunoscope analysis of CD28 -/-CD8 -/-mice may help detect small differences in T cell repertoire specific for MOG peptides and may provide insight into the mechanisms of atypical disease in these animals. Understanding the exact mechanisms leading to varying disease expression would have important clinical implications, since the two patterns observed are in syngeneic mice immunized with the same peptide antigen.
Our in vitro experiments in CD28 -/-CD8 -/-mice clearly indicate that the suppression of EAE by CD8 + T cells may arise from their inhibitory effect on Th1 cell expansion. This is consistent with the findings that CD8 + T cells preferentially downregulate CD4 + Th1 cells in vivo (16) . We have observed a similar increased frequency of IFN-γ-producing CD4 + T cells after double immunization that is also associated with clinical disease in CD28 -/-mice (4). These results show that exceeding a threshold frequency of MOGspecific IFN-γ-secreting cells is permissive for disease induction. Accordingly, CD8 + T cell depletion in STAT4 -/-mice does not overcome the resistance of the animals to the induction of EAE, as these mice are unable to expand their Th1 cells in vivo.
What is the proximal mechanism of regulation by CD8 + CD28 -T cells? Suppression could be mediated by secretion of cytokines such as TGF-β or Tc2 cytokines (47) (48) (49) . CD8 + T cell depletion in vivo as well as ex vivo did not show any decrease in frequency of Th2-producing T cells arguing against production of any of these cytokines by CD8 + T cells. In addition, TFG-β ELISA analysis of the supernatant of in vitro cultures before and after CD8 + T cell depletion (in vivo or ex vivo) did not show any significant difference, suggesting that CD8 + CD28 -T cells do not secrete TFG-β. Furthermore, CD8 + CD28 -T cells, even when outnumbering CD4 + T cells, failed to suppress IFN-γ production across a 0.45-µm size membrane in vitro, contrasting with marked suppression when the two populations were on the same side of the membrane. Thus, it is unlikely that suppression is mediated by factors secreted by CD8 + CD28 -T cells. Lastly, CD8 + T cells may regulate ongoing peripheral immune responses by cognate interactions with antigen-activated T cells in a TCR-specific manner restricted by the MHC class Ib molecule Qa-1 (9) . The effector phase of regulation mediated by these putative TCR peptide-recognizing CD8 + T cells may involve conventional cell-mediated cytotoxic functions. In addition, these regulatory CD8 + T cells require priming during the primary immune response in order to function in secondary immune responses. In other words, during antigen-driven CD4 + T cell responses in vivo, CD8 + T cells emerge that specifically regulate CD4 + T cells in a TCR Vβ-specific manner. In contrast, CD8 + CD28 -T cells described in this manuscript do not seem to require prior priming and thus may be a unique regulatory T cell in innate immunity. In our experiments, CD8 + CD28 -T cells did not appear to induce apoptosis in CD4 + T cells, since the number of viable CD4 T cells incubated with CD8 + CD28 -was comparable with cells incubated with CD8 + CD28 + cells. Moreover, with the exception of MHC class I blockade, addition of Ab's blocking Fas/FasL or anti-Qa-1 b to in vitro suppression assays failed to reverse the suppression. The dose response of the in vivo regulation in relation to surface expression of CD8 is intriguing and suggests a role for surface CD8 molecules in the mechanism of regulation. The frequency of CD8 + regulatory T cells has been reported to determine the susceptibility of a particular strain to EAE in a rat model (50) .
Recently, several investigators reported that the suppressor function of CD4 + CD25 + T cells is mediated through CTLA-4 signaling both in vitro and in vivo (29) (30) (31) . Unlike these regulatory CD4 + T cells, however, CD8 + CD28 -T cells do not express CTLA-4. In human cell cultures, APCs exposed to CD8 + CD28 -regulatory T cells have impaired CD40-signaling pathway and do not upregulate B7 molecules (20, 22, 23, 51) . In fact, recent work showed that CD8 + CD28 -alloantigen-specific T suppressor cells induce the upregulation of immunoglobulin-like transcript 3 (ILT3) and ILT4 on APCs, rendering these cells tolerogenic (52) . PMA and ionomycin are known to induce accessory cell-independent T cell activation while Con A, similar to antigen, can only induce proliferation in the presence of such cells (33, 34) . The failure of CD8 + CD28 -cells to elicit suppression in the former group demonstrated clearly the dependence of suppression on APCs in vitro. The impaired upregulation of costimulatory molecules on APCs may prevent the efficient stimulation of CD4 + cells in the presence of CD8 + CD28 -T cells leading to a decrease in IFN-γ. Since IFN-γ is known to upregulate costimulatory molecules on APCs (53), one could argue that lower expression of costimulatory molecules may be the consequence of decreased production of IFN-γ. The lack of a direct effect on CD4 + T cells and the inability of regulatory T cells to inhibit IFN-γ production in the absence of APCs, however, make this explanation very unlikely. The exact mechanism of how CD8 + CD28 -T cells prevent upregulation of costimulatory molecule expression on APCs requires further investigation.
In summary, in this report we establish, we believe for the first time, the regulatory functions and mechanisms of action of CD8 + CD28 -T cells in an autoimmune disease model in vivo. The mechanisms of disease regulation appear to be related to inhibition of expansion of encephalitogenic CD4 + Th1 cells. The inhibition was not cytokine mediated but instead required cell-to-cell interaction between CD4 + cells, CD8 + CD28 -T cells, and APCs. The regulatory CD8 + CD28 -T cells prevent the upregulation of costimulatory molecules on APCs, thus prohibiting efficient costimulation of CD4 T cells. We have also identified a novel disease model with different clinical and pathologic manifestations in the same genetic background using the same immunizing antigen. Investigations of this disease model and of the proximal and molecular mechanisms of CD8 + CD28 -regulatory cell functions have implications for understanding autoimmune disease phenotypes and development of novel therapeutic strategies to prevent and/or treat autoimmune diseases in humans.
